The ␤ 2 integrins are restricted to leukocytes and include four heterodimeric transmembrane glycoproteins sharing the same ␤ 2 subunit pairing with four distinct ␣ subunits (17, 18) : ␣ L ␤ 2 (CD11a/CD18, LFA-1), ␣ M ␤ 2 (CD11b/CD18, CR3, Mac1), ␣ X ␤ 2 (CD11c/CD18, p150/195), and ␣ D ␤ 2 (CD11d/CD18). LtxA and HlyA have been found to bind the CD11a/CD18 integrin (13) , and CyaA has been found to bind the CD11b/ CD18 integrin (16) . Contradictory data, however, have been published for HlyA, claiming that HlyA binds nonspecifically to target cells and that no receptor is required for HlyA to provoke hemolysis or to trigger cellular reactions (19) . LktA was shown initially to bind most ␤ 2 integrins (CD11a/CD18, CD11b/CD18, and CD11c/CD18), very likely through their CD18 subunit (14, 15) . Later reports, however, have shown that only CD11a/CD18 is the receptor for LktA and is involved in leukotoxin-induced biological effects (20, 21) .
Both ␣ and ␤ integrin subunits of the ␤ 2 integrins harbor several potential N-glycosylation sites (Asn-Xaa-Ser/Thr), and at least some of them appear to be modified by oligosaccharide chains linked to asparagine residues. Structural studies have revealed that ␤ 2 integrins from human leukocytes contain high mannose-type, high-molecular-weight complex-type, and a small amount of hybrid-type oligosaccharide chains, respectively (22) . The complex type of N-linked oligosaccharide chains of ␤ 2 integrins is of the mono-, bi-, tri-, and tetra-antennary type, and no subunit-specific glycosylation has been observed among the ␣ and ␤ integrin subunits (22) .
Here, we demonstrate that glycosylation of the CD11b/CD18 integrin is crucial for CyaA binding and subsequent efficient intoxication of target cells by cAMP. Competitive inhibition of CyaA binding to the integrin receptor by excess of free sugars showed that CyaA directly recognizes the N-linked oligosaccharides of CD11b/CD18. Moreover, glycosylation also was shown to be involved in cytotoxic action of the RTX leukotoxin of A. actinomycetemcomitans (LtxA) and HlyA of E. coli, which target cells via the CD11a/CD18 integrin receptor.
Results

Pretreatment of CD11b-Expressing Cells with Glycosidases Abolishes
Binding of CyaA. Binding and cytotoxic action of CyaA on myeloid cells depends on toxin interaction with the CD11b/CD18 integrin (16) , which is heavily glycosylated (22) . To examine the potential importance of CD11b/CD18 glycosylation for CyaA binding, we used three types of selective glycosidases able to remove N-linked oligosaccharide chains from glycoproteins ( Fig. 1) . Peptide-Nglycosidase F (PNGase F) was used as an amidase that cleaves the amide bond of N-linked glycoproteins between the innermost N-acetylglucosamine and asparagine residue. Endoglycosidase H (Endo H) was used to cleave within the chitobiose core of N-linked glycoproteins, and neuraminidase was used to hydrolyze ␣-(233), ␣-(236), ␣-(238)-glycosidic linkages of terminal sialic residues in glycoproteins and oligosaccharides.
Chinese hamster ovary K1 cells stably transfected with human CD11b/CD18 (CHO-CD11b/CD18) were used as model target cells because their ability to bind efficiently and saturably CyaA and to be susceptible to cAMP elevation by the toxin has been demonstrated previously (16) . After a 30-min preincubation of CHO-CD11b/CD18 cells with protease inhibitors and chlorpromazine (inhibitor of clathrin-dependent ␤ 2 integrin endocytosis), the cells were treated for 1 h at 37°C with PNGase F, Endo H, or neuraminidase, respectively. Washed cells were incubated with the purified CyaA/233FLAG protein (0.5 g/ml) at 4°C for 30 min, and binding of the toxin to the cell surface was determined by flow cytometry. As shown in Fig. 2A , binding of CyaA/233FLAG was highest to CHO-CD11b/CD18 cells that were not treated by any glycosidase, whereas toxin binding was considerably reduced when sialic residues of the cell surface glycoproteins were removed by neuraminidase (22% Ϯ 6%; expressed as a percentage of CyaA binding to untreated cells) or when all saccharide units of the cell surface glycoproteins, except of the innermost N-acetylglucosamine linked to asparagine residue, were removed by Endo H (13% Ϯ 4%). Nearly complete loss of CyaA binding to CHO-CD11b/CD18 cells was repeatedly observed when oligosaccharide chains of cell surface glycoproteins were removed by PNGase F (5% Ϯ 3%). To confirm that the decrease of the CyaA/233FLAG binding to deglycosylated CHO-CD11b/CD18 cells was not attributable to a reduction in the amount of surface-exposed CD11b/CD18, aliquots of glycosidase-treated cells were always tested for exposure of the ␤ 2 integrin by flow cytometry, by using an anti-CD11b mAb MEM-174. Fig. 2B , indeed, clearly shows that deglycosylation of CHO-CD11b/CD18 cells did not alter the amounts of the CD11b/CD18 receptor molecules on cell surface.
Because CyaA targets primarily myeloid phagocytic cells, such as macrophages or neutrophils, we verified that also removal of N-linked oligosaccharides from such cells affects CyaA activity. Deglycosylation of cell surface integrin molecules by PNGase F, Endo H, or neuraminidase resulted, indeed, in importantly decreased CyaA binding to J774A.1, a murine macrophage-like cell line expressing the CD11b/CD18 integrin receptor (Fig. 2 A) , and to CD11b-expressing primary human neutrophils isolated from fresh blood (Fig. 2 A) . Similarly, CyaA binding was abolished when cells were treated with PNGase F (6% Ϯ 4% for J774A.1 cells and 3% Ϯ 3% for human neutrophils), and toxin binding was significantly reduced when cells were deglycosylated with Endo H (14% Ϯ 4% for J774A.1 cells and 15% Ϯ 3% for human neutrophils) or neuraminidase (29% Ϯ 3% for J774A.1 cells and 26% Ϯ 3% for human neutrophils). Finally, as in the case of CHO-CD11b/CD18 cells, surface expression of the CD11b/CD18 integrin receptor on J774A.1 cells or on human neutrophils was not affected by deglycosylation, as detected by the MEM-174 anti-CD11b mAb (Fig. 2B) .
To confirm that CD11b/CD18 was efficiently deglycosylated, the integrin was immunoprecipitated from lysates of glycosidasetreated or untreated CHO-CD11b/CD18 cells by using MEM-174 anti-CD11b mAb covalently linked to agarose beads. As shown in Fig. 3 , indeed, the focused protein bands corresponding to integrin subunits isolated from glycosidase-treated CHOCD11b/CD18 cells were shifted in their molecular mass to Ϸ125 kDa for CD11b and to 80 kDa for CD18, respectively (lane 2), as compared with migration of integrin subunits isolated from the untreated CHO-CD11b/CD18 cells (Ϸ160 kDa for CD11b and 100 kDa for CD18) (lane 1). This shows that treatment with the glycosidases quite efficiently removed the oligosaccharide chains of the integrin. Moreover, this experiment clearly demonstrated that the deglycosylated CD11b/CD18 heterodimer was stable and did not dissociate into individual CD11b and CD18 subunits upon deglycosylation, because the CD18 subunit coimmunoprecipitated with the CD11b subunit on anti-CD11b MEM-174 beads (Fig. 3 ). In conclusion, binding of CyaA to CD11b-expressing cells was lost upon deglycosylation of cell surface glycoproteins, suggesting that CyaA binding to the cell surface-expressed CD11b/CD18 integrin fully depends on its glycosylation status.
Inhibition of Protein Glycosylation by Tunicamycin Ablates Binding of
CyaA to CD11b-Expressing Cells. To corroborate that binding of CyaA to CD11b/CD18 depends on its glycosylation status, CHO-CD11b/CD18 and J774A.1 cells were treated for 24 h before the binding experiments with 10 g/ml tunicamycin, an antibiotic that blocks N-glycosylation of newly synthesized proteins at asparagine residues. As documented in Fig. 2 A, this resulted in loss of CyaA binding both to CHO-CD11b/CD18 (8% Ϯ 5%) and to J774A.1 (6% Ϯ 5%). This was not attributable to decreased expression of CD11b/CD18 in the presence of tunicamycin, because no decrease of surface exposure of CD11b/ CD18 was observed in tunicamycin-treated cells (Fig. 2B) . Moreover, as also documented in Fig. 3 , tunicamycin treatment caused loss of CD11b/CD18 glycosylation without affecting the stability of the integrin, because the CD18 subunit could be coimmunoprecipitated with the CD11b subunit. Hence, both enzymatic and tunicamycin-mediated deglycosylation of CD11b/ CD18 caused loss of CyaA binding with a comparable efficacy. Fig. S1 ]. At the highest tested concentration of D-mannose (100 mM), the inhibition of CyaA binding reached 47% (SI Fig. S1 ). Therefore, a saccharide concentration of 10 mM was chosen for inhibition experiments with N,NЈ-diacetylchitobiose, N,NЈ,NЈЈ-triacetylchitotriose, Nacetyllactosamine, and sialic acid. All of these saccharides effectively inhibited binding of CyaA to CHO-CD11b/CD18 cells, J774A.1 cells, or human neutrophils (Fig. 4) , with a potency equivalent to that of D-mannose. On the other hand, identical concentrations of D-arabinose, D-fructose, L-fucose, galacturonic acid, N-acetylgalactosamine, N-acetylmannosamine, and D-xylose, hence of the saccharides that are not found in the oligosaccharide chains of integrins, had no effect on CyaA binding to cells (Fig. 4) . Thus, toxin binding to CD11b/CD18-expressing cells was efficiently and specifically inhibited in the presence of only saccharide units that occur in the oligosaccharide chains of integrin molecules. This demonstrates that CyaA directly recognizes the N-linked oligosaccharide chains of its ␤ 2 integrin receptor. deglycosylated cells exposed to the toxin were determined. As shown in Fig. 5 , when tunicamycin-treated CHO-CD11b/CD18 cells were incubated with various concentrations of CyaA/ 233FLAG for 30 min at 37°C, the intracellularly accumulated cAMP level was reduced by approximately one order of magnitude, as compared with mock-treated cells. Similarly, a strongly reduced intracellular cAMP level was observed in CHO-CD11b/CD18 cells that were pretreated with a mixture of glycosidases (Fig. 5) . Comparable results also were obtained when conversion of cellular ATP to cAMP by CyaA was determined in tunicamycin-treated J774A.1 cells and glycosidase-treated J774A.1 cells or human neutrophils (data not shown). Hence, cytotoxic action of CyaA depended on the glycosylation status of the CD11b/CD18-expressing cells.
Glycosylated CD11a Is also Required for Cytotoxic Activity of Leuko-
toxin of A. actinomycetemcomitans and HlyA of E. coli. To examine whether the cytotoxic action of other RTX toxins also depends on glycosylation of their ␤ 2 integrin receptors, we used the leukotoxin of A. actinomycetemcomitans (LtxA) and the HlyA of E. coli, which specifically bind to target cells via another receptor of the ␤ 2 integrin family, CD11a/CD18 (13). CD11a-expressing Jurkat T cells treated with a mixture of PNGase F, Endo H, and neuraminidase were exposed to LtxA-containing bacterial lysates or HlyAcontaining culture supernatants (see Materials and Methods), and cell viability was monitored by using trypan blue. As shown in Fig.  6 , untreated Jurkat cells were significantly more susceptible to the LtxA-or HlyA-mediated killing than cells that were deglycosylated by a mixture of glycosidases. Whereas almost all mock-treated cells were killed by LtxA or HlyA within 1 h of incubation, Ϸ40% of the glycosidase-treated Jurkat cells survived over that period (Fig. 6) . These results show that cytotoxic activity of LtxA or HlyA also depends on the glycosylation of CD11a/CD18-expressing cells.
Discussion
We show here that action of RTX cytotoxins depends on recognition of oligosaccharide chains linked to their ␤ 2 integrin receptors. Oligosaccharide chains of integrin molecules appear, indeed, to play an important role in various integrin-ligand interactions. For example, deglycosylation of the ␣ 5 ␤ 1 integrin with a mixture of selective glycosidases, or upon tunicamycin treatment, inhibits binding of its ligand, fibronectin (23) . Similarly, removal of oligosaccharide residues from the ␣ 6 ␤ 1 integrin leads to reduced binding of laminin (24) . Recently, Nglycosylation of the ␣ 2 ␤ 1 integrin was reported to be necessary for interaction with subtilase cytotoxin of Stx (shiga-like toxin)-producing enterohaemorrhagic E. coli (25) . To clarify the contribution of N-linked oligosaccharide chains of the ␤ 2 integrin CD11b/CD18 to the binding of the AC toxin, here, we examined the effect of PNGase F, Endo H, neuraminidase, and tunicamycin treatment of CD11b-expressing cells on CyaA activity. An important reduction of CyaA binding to the cells was, indeed, already observed upon removal of the peripheral sialic acid residues from the cell surface glycoproteins by neuraminidase treatment. Moreover, CyaA binding was completely abolished when sugar chains were entirely removed by PNGase F, and a complete inhibition of CyaA binding to the CD11b/CD18-expressing cells was observed when N-glycosylation of de novosynthesized proteins was blocked with tunicamycin. Hence, glycosylation of the CD11b/CD18 integrin receptor was essential for its recognition by CyaA. Previous findings have demonstrated that N-glycosylation of integrin subunits is important not only for optimal ligand binding but also for integrin stability and cell surface expression. For example, the ␣ 5 ␤ 1 integrin deglycosylated with specific glycosidases tends to dissociate into the ␣ and ␤ subunits, and its surface expression is reduced when the cells are treated with tunicamycin (23). Our results, however, clearly demonstrate that the cell surface expression and stability of the heterodimer of the CD11b/CD18 integrin was not significantly affected when Jurkat cells, expressing the CD11a/CD18 integrin complex on the cell surface, were treated or not with a mixture of PNGase F, Endo H, and neuraminidase at 37°C overnight. Next, protein-content-equalized mock or LtxA-containing bacterial lysates (A) and mock or HlyA-containing culture supernatants (B) were added to the cells for the indicated times, and cell viability was determined by using trypan blue dye exclusion assay (see Materials and Methods).
The data are representative of three independent experiments Ϯ SD.
CD11b-expressing cells were deglycosylated either by a mixture of specific glycosidases or upon tunicamycin treatment. The deglycosylated integrin was, indeed, efficiently recognized on cell surface by mAbs, and coimmunoprecipitation experiments demonstrated that N-glycosylation of CD11b/CD18 was not essential for stable association of the CD11b and CD18 subunits, which coimmunoprecipitated at a 1:1 molar ratio from lysates of glycosidase or tunicamycin-treated cells.
Hence, it appears plausible to assume that deglycosylation of the integrin did not induce any substantial conformational changes of its subunits. It is, therefore, unlikely that loss of CyaA binding to cells was attributable to loss of recognition of the polypeptide chain of the integrin receptor itself. The most plausible interpretation of our results is that initial toxin binding involves direct recognition of the oligosaccharide chains of CD11b/CD18. This is strongly supported by experiments demonstrating that CyaA binding to the integrin receptor is specifically and efficiently inhibited in the presence of free saccharides that are found as building units of the oligosaccharide chains of CD11b/CD18. Moreover, binding of CyaA to CD11b-expressing cells was approximately five times reduced when the cells were treated with neuraminidase, whereas neuraminidase treatment had a negligible effect on the background CyaA binding to untransfected CHO cells lacking CD11b/CD18 (SI Fig. S2 ). This shows that the toxin primarily and specifically interacts with the terminal sialic acid residues of the CD11b/CD18 integrin receptor, in the presence of which the interaction of CyaA with sialic acid residues of other surface glycoproteins contributes negligibly to overall toxin binding. The interaction between CyaA and the peripheral negatively charged sialic acid residues of the integrin may well depend on electrostatic interactions. Indeed, we have recently shown that the main CD11b/CD18 interaction domain of CyaA is located between amino acid residues 1,166 and 1,281 of the glycine-and aspartate-rich RTX repeat region of the toxin (26) . Based on the structure of the prototype RTX repeat block, the negative charge of aspartate and/or glutamate residues of the RTX domain that chelates bivalent calcium ions would be neutralized by binding of Ϸ40 Ca 2ϩ per RTX domain. The positively charged arginine and lysine residues of the integrin binding domain of CyaA would, however, remain available for interaction with sialic acid residues of the CD11b/CD18 glycoprotein and may mediate the first contact between CyaA and its receptor. Except for sialic acid residues, CyaA also has to interact with other sugar units of the oligosaccharide complex of the integrin (chitobiose core, trimannosyl core, N-acetyllactosamine unit; see Fig. 1 ). Indeed, a complete deglycosylation of CD11b/CD18 was needed to fully abrogate CyaA binding.
The ability of CyaA to bind sugar structures offers an attractive hypothesis for explaining previous observations that CyaA also binds and penetrates with reduced, but well detectable, efficiency a variety of eukaryotic cells lacking the CD11b/CD18 receptor. On such cells, gangliosides would be potentially involved in CyaA binding, because incubation of CyaA with gangliosides before addition to target cells has been shown previously to result in inhibition of its capacity to cause intracellular cAMP accumulation (27) . Gangliosides are indeed acidic lipids composed of a ceramide linked to an oligosaccharide chain containing one or more sialic acid residues (28) . CyaA may thus potentially recognize an oligosaccharide moiety of gangliosides, including negatively charged sialic acid residues, similarly as it recognizes oligosaccharide chains of the ␤ 2 integrin CD11b/CD18. However, whereas binding of CyaA to CD11b-expressing cells is highly efficient, dose-dependent, and saturable, binding to cells lacking the integrin receptor occurs with low-affinity and appears to be unsaturable (16) . This suggests that after initial interaction of CyaA with oligosaccharide structures, interaction of CyaA with the polypeptide chain of CD11b/ CD18 is essential for high-affinity binding of the toxin to target cells.
Recently, three other toxins of the RTX family, LtxA of A. actinomycetemcomitans, HlyA of E. coli, and LktA of M. haemolytica, have been shown to specifically bind to target cells through another receptor of the ␤ 2 integrin family, CD11a/CD18 (13, 20) . Here, we showed that glycosylation of CD11a/CD18 is required for cytotoxic action of LtxA and HlyA on Jurkat T cells. This shows that although CyaA is not able to bind CD11a/CD18, and LtxA and HlyA do not recognize CD11b/CD18, recognition of oligosaccharide chains of both ␤ 2 integrins is crucial for binding of these RTX cytotoxins. After such initial interaction, recognition of the polypeptide chains of the CD11a or CD11b subunits would determine the integrin and target cell specificity of these cytotoxins.
These results provide important insights into the interactions of the RTX cytotoxins with their ␤ 2 integrin receptors and set a new paradigm for this whole toxin family.
Materials and Methods
Antibodies, Cell Lines, Isolation of Neutrophils, and Production of CyaA/ 233FLAG, LtxA, and HlyA. All details are given in SI Text.
Removal of N-Linked Oligosaccharide
Chains from Cellular Receptors. CHOCD11b/CD18 cells, J774A.1 cells, or human neutrophils (1 ϫ 10 6 ) were preincubated for 30 min at 4°C in Hanks' balanced salt solution (HBSS) buffer containing inhibitors of proteases and 5 g/ml of chlorpromazine (inhibitor of ␤2 integrin endocytosis). Next, the cells were incubated in HBSS buffer at 37°C for 1 h with 500 milliunit/ml Endo H (New England Biolabs), PNGase F (New England Biolabs) and 40 milliunits/ml neuraminidase (Sigma-Aldrich), respectively, or in buffer alone (mock control). After treatment, cells were washed three times with HBSS and used in binding experiments. CyaA Binding to Cells. For binding studies, 1 ϫ 10 6 cells in 500 l of HBSS buffer complemented with 2 mM CaCl2 were incubated with purified CyaA/233FLAG protein (0.5 g/ml) for 30 min at 4°C. Cells were washed three times with HBSS and the cell-bound CyaA/233FLAG was stained with anti-FLAG mAb M2 diluted in 500 l of PBS/1% BSA buffer (1:1,000 dilution) for 30 min at 4°C. Cells were washed three times with HBSS buffer and incubated for 30 min at 4°C in 500 l of PBS/1% BSA with AlexaFluor488-conjugated anti-mouse antibody (1:1,000 dilution). Cells were washed three times, resuspended in 150 l of HBSS, and analyzed by flow cytometry on a FACS LSR II instrument (Becton Dickinson Bioscience) in the presence of 5 g/ml propidium iodide.
Appropriate gatings were done to exclude cell aggregates and dead cells by propidium iodide staining. Binding data were deduced from the mean fluorescence intensity (MFI) and expressed as percentage of CyaA binding to untreated cells ϭ [(MFI value of glycosidase, tunicamycin, or saccharidestreated cells incubated with CyaA Ϫ MFI value of untreated cells incubated without CyaA)/(MFI value of untreated cells incubated with CyaA Ϫ MFI value of untreated cells incubated without CyaA)] ϫ 100.
Detection of CD11b/CD18 on the Cell Surface. For staining of the CD11b/CD18 integrin on the cell surface, incubation with CyaA was omitted and anti-CD11b mAb MEM-174 (1:1,000 dilution) was used instead of the anti-FLAG antibody following an otherwise identical procedure as for detection of CyaA binding. Binding of MEM-174 was calculated by using the same formula as above, by entering MFI values of cells incubated with or without MEM174.
cAMP Assay. CHO-CD11b/CD18, J774A.1, or human neutrophils (10 5 ) in microcentrifuge tubes were preincubated for 20 min in HBSS buffer complemented with 2 mM CaCl 2 and 100 M 3-isobutyl-1-methylxanthin, a phosphodiesterase inhibitor. Various concentrations of CyaA were added and cells were incubated for 30 min at 37°C. Intracellular cAMP levels were determined as described previously (29) .
Killing Assay. Jurkat T cells were treated with glycosidases or mock-treated at 37°C overnight. Afterward, the cells (1 ϫ 10 5 cells/vial) were incubated at 37°C for different times with 100 l of mock or LtxA-containing bacterial lysates and mock or HlyA-containing culture supernatants, normalized to the same total bacterial protein content. Treated cells were placed on ice and mixed with 100 l of trypan blue (0.4%), and the surviving cells were counted. The results were expressed as percentages of live cells ϭ [(number of surviving cells after LtxA or HlyA treatment)/(number of surviving cells in the negative control)] ϫ 100.
